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Abstract: The present study develops a new finite element
(FE) formulation for the lateral torsional buckling (LTB)
analyses of steel beams exteriorly bonded with orthotropic
fiber-reinforced polymer (FRP) layers. The formulation
considers shear deformations, partial material interaction,
local and global warping deformations, and orthotropic
FRP properties. The buckling responses of multispan FRP-
bonded steel beams predicted by the present solutions are
excellently validated against experiment and numerical
solutions. As observed, the FRP strengthening is highly
effective for the LTB resistance of steel beams. However,
the LTB responses are strongly dependent on the ortho-
tropic properties and strengthening lengths of FRP layers.
The effects of shear deformations, span ratios, and loading
conditions on the LTB responses are also quantified in the
present study.

Keywords: lateral torsional buckling, finite element formu-
lation, shear deformations, FRP strengthening, partial inter-
action, local and global warpings, orthotropic FRP layers,
multispan beams

1 Introduction

Strengthening steel beams by using fiber-reinforced polymer
(FRP) layers has been increasingly studied in order to upgrade
their load capacities (e.g., [1-6]). The advantage of this
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strengthening method is that the FRP layers are lightweight
compared to bolded or welded steel plates, and FRP installa-
tion is relatively easy and quick. Most studies for the FRP
strengthening method focused on using carbon fiber-rein-
forced polymer (CFRP) sheets that possess elasticity moduli
higher than those of steel (e.g., [1-4]). Recently, glass FRP layers
have been widely researched for the strengthening of steel
structures because they are lower in cost than CFRP sheets,
and they can be made by stacking GFRP laminae to form
relatively thick layers [5-9]. When bonded to thin steel flanges,
such thick FRP layers can considerably contribute to increase
the system bending, shear, and twisting stiffnesses and thus
they can strengthen the flanges to resist against buckling
issues (e.g., [5-9]). In an experimental study conducted by El
Damatty and Abushagur [5] for the LTB analysis of steel beams
strengthened with FRP layers bonded to the top and bottom
beam flanges, an increase of about 80% for the capacity of the
FRP-strengthened steel beams was reported. The effectiveness
of FRP strengthening was also observed in other studies (e.g.,
[6,7,9-16]).

FRP layers, however, have orthotropic behaviors because
they are often created by stacking thin FRP laminae with
different fiber stacking angles [9,17,18]. The flexural, shear,
and torsional stiffnesses of FRP layers and FRP-bonded sys-
tems strongly depend on not only the longitudinal, trans-
verse, and vertical dimensions of the FRP layers but also their
number of laminae, fiber orientation angles, and stacking
sequences [19]. Thus, the evaluation of the mechanical prop-
erties of such FRP-strengthened steel beams is relatively
complicated. Also, an FRP layer bonded to a steel surface
by a thin epoxy layer may generate a partial interaction
between the steel and the FRP layer because the epoxy elas-
ticity modulus is considerably lower than those of the steel
and the FRP layer [6,14,15,19]. Besides, the effects of shear
deformations on the torsional responses of such composite
systems are considerable [20,21]. A theory neglecting the effects
may incorrectly predict the torsional buckling responses of the
FRP-strengthened steel beams (e.g. [20,21]). Finally, FRP layers
are bonded to a part of the steel spans, and those create a beam
having segments with different cross-sections (e.g., bare steel
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sections, FRP-bonded steel sections). The longitudinal lengths
of the FRP layers may also influence the system buckling
responses [22-24]. Such difficulties may challenge the design
of an FRP strengthening solution for the steel members. In fact,
the finite element (FE) analyses conducted in commercial soft-
ware may be an option for the design. However, they usually
involve complicated three-dimensional FE models and expen-
sive computation costs. In such a case, the development of
simpler solutions that can quickly and accurately predict the
responses of the FRP-strengthened steel beams will bring more
advantages to the design.

The LTB solutions have been widely developed for the
analysis of multilayer beams (e.g., [19,25-32]). Girhammar
and Pan [25] developed a closed form solution for the pre-
diction of the elastic LTB loads of two-layer beams. How-
ever, their study considered neither the partial interaction
between layers nor the shear deformations. Xu and Wu
[26] developed a shear deformable buckling theory for
the analysis of two-layer members, in which the partial
interaction between the two layers was considered. How-
ever, the theory was only applicable to rectangular cross-
sections. Challamel and Girhammar [27] and Schnabl and
Planinc [28] proposed non-shear deformable theories for
the LTB analyses of vertically layered beams. Kabir and
Seif [29] developed closed form solutions for the LTB loads
of steel heams bonded with FRP sheets. Again, their models
considered neither the partial interaction between steel and
FRP layer nor the effect of shear deformations. Grognec
et al. [30] developed a buckling solution for two-layer beams
accounting for the shear deformations and partial interac-
tion between layers. However, their models assumed iso-
tropic materials to develop the buckling solution. Phe
et al. [31] formulated an FE for the prediction of the LTB
loads of a steel beam strengthened with a single FRP
layer. However, the FRP was again treated as an isotropic
material in their study. As a result, their model could
not capture the orthotropic properties of FRP materials.
Zaghian and Mohareb [32] developed a non-shear deform-
able finite shell element for the prediction of the elastic
LTB of steel plates strengthened with isotropic FRP layers.
However, the element was limited to the members with
rectangular cross-sections. Recently, Phe [19] proposed a
non-shear theory and developed a series of closed form
solutions for the LTB loads of a group of the FRP-strength-
ened steel beams. Although his model captured the partial
interaction between steel and FRP, shear deformations in
steel beam were neglected and their solutions were restricted
in application for single span steel beams strengthened with
FRP layers. Thus, the solutions of Phe [19] were unable to
predict the buckling loads of the FRP-strengthened contin-
uous steel beams.
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In this context, the present study fills in the short-
coming gap by developing an FE formulation for the pre-
diction of the LTB analysis of single/continuous steel beams
strengthened with orthotropic FRP layers. Specifically, the
FE formulation can capture the effects of the shear defor-
mations in both steel and FRP layers, which can remedy
available solutions of previous studies [19,26-29,32]. Also,
they considered the warping effects to be significant in beams
with wide flange cross-sections, and they were not captured by
previous studies [26,30,32]. The partial interactions between the
steel beam and the FRP layers are included in the kinematic
model of the present theory and were not considered in pre-
vious studies [25,29]. Besides, the present study accounts for the
orthotropic properties of the FRP layers (e.g.,, the number of
orthotropic FRP laminae, fiber orientation angles, and stacking
sequences) and was not considered by Phe et al. [31]. The shear
deformable FE formulations of the present study are developed
for both bare and FRP-strengthened steel elements. Such ele-
ments can be applied to the prediction of the LTB of single/
continuous steel beams with various strengthening, boundary,
and loading conditions, but these were not solved by the solu-
tions of Phe [19]. Besides, the span interactions in continuous
beams will be naturally captured by the present solutions,
which were not considered in design guides of steel structures
(e.g., [33-35]), as also discussed in previous studies [36-38].
Based on the present solutions, the effects of the orthotropic
FRP properties, the FRP strengthening lengths, and the loading
conditions on the buckling responses of single/continuous steel
beams strengthened with FRP layers will be quantified.

This article is presented in a sequence. A definition of
the problem will be first stated in Section 2. An FE formula-
tion will be then developed in Section 3, in which Section
3.1 proposes governing displacement fields of the compo-
site system, Section 3.2 assumes the expressions of the
buckling displacement fields in terms of the governing dis-
placements, Sections 3.3 and 3.4 develop the buckling
strains and stresses of the system, Sections 3.5 and 3.6 pre-
sent the expressions of the total potential pre-buckling and
buckling energies and their variations, and Section 3.7 pre-
sents the development of the FE formulation. The validation
and result discussions of the buckling responses predicted
by the present solution are presented in Section 4, and key
conclusions are finally summarized in Section 5.

2 Statement of the problem

A wide flange steel element bonded with FRP layers 1 and 2
through Epoxy layers 1 and 2 and subjected to distributed
and point loads q,(zg, Y, ), Py(2p, y,) is considered (Figure 1a
and b). The cross-sectional dimensions of the wide flange
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Figure 1: Profile (a) and cross-section (b) of the present FE.

section are hyt,, b, and t;. The thicknesses of FRP layers 1
and 2 are ty; and tg;, respectively. While those of Epoxy
layer 1 and Epoxy layer 2 are t4; and ¢4, respectively. The
mechanical properties of steel, epoxy, and orthotropic FRP
materials are later defined in the formulation. A new FE
formulation for the prediction of the elastic lateral tor-
sional (LT) buckling of such a composite system is devel-
oped in the present study.

3 FE formulation

3.1 Governing displacement fields and
kinematic model assumptions

When the system is switched from the onset of buckling
(i.e., a static equilibrium state) into the buckled mode (i.e., a
buckling equilibrium state), as depicted in Figure 2, eight
governing displacements Uy(2), 0y5(2), Un(2), By15(2), Uzp(2),
Oy2n(2), 0,5(2), and 1, (z) are proposed to describe the buck-
ling mode (Figure 3a—c), in which Uy(z) is the lateral dis-
placement at the centroid of the steel cross-section, 6,,(z) is
the lateral bending slope of the steel beam, Uy (z) is the
lateral displacement at the centroid of FRP layer 1, 6,15(2) is

FRP layer 1

U

%

Al B

FRP layer 2 l]2 b

At the onset zb
of buckling At buckling equilibrium

(a)

the lateral bending slope of FRP layer 1, U,,(z) is the lateral
displacement at the centroid of FRP layer 2, 6)2,(z) is the
lateral bending slope of FRP layer 2, 6,,(z) is the twisting
angle of all materials, and ,(z) is the global warping defor-
mation of the steel section.

In the present theory, the following four kinematic
assumptions are made: (i) shear deformations caused by
transverse bending, lateral bending, and global warping
are captured, (ii) local warping deformations of solid rec-
tangular cross-sectional parts (e.g., the steel flanges, the
steel webs, and the FRP layers) are proportional to the
slope of the twisting angle 6,,(z) (Figure 2c), and (iii)
the partial interaction occurs at the epoxy layer, where
the epoxy displacements are linearly interpolated
from the steel and the FRP layer displacements.

Ss ':/‘(.:_ ——
F | C; O;
Z OJl- ?—{—,ﬂ———,{b—»———|
A £ 2y
— | —
(a) (b)

Figure 3: Coordinate systems in (a) the steel cross-section and (b) epoxy
and FRP layers.

(b) (c)

Figure 2: Governing displacement fields in the steel beams and FRP layers in the lateral-torsional buckling equilibrium state: (a) a part of cross-section
view, (b) global warping deformations in the steel section, and (c) local warping deformations in the solid rectangular cross-sectional parts.
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3.2 Expression of buckling displacement
fields

Five global coordinate systems are selected for the five
materials, as presented in Figure 3, in which OXYZ is that
of the steel cross-section and 0, XY;,Z with i = g1 is that of
FRP layer 1, with i = g2 is that of FRP layer 2, with i = al is
that of Epoxy layer 1, and with i = a2 is that of Epoxy layer
2. Origins O and O; are the centroids of the cross-sections, X
is the lateral axis, ¥; are the transverse axes, and Z is the
axial axis. Also, local coordinate systems Cssngz and Cisiniz
are assigned to the sectional contour (Figure 3), where
origins C and ; lie on the sectional contours, s; is the
curvilinear contour coordinate measured from the origins,
ns is the normal-to-tangent axis of the contour measured
from the contour, and z is the longitudinal axis.

Buckling displacement fields at a point with coordi-
nates (s, ng, z) in the steel are denoted as us, v, and
w; (Figure 3a). Based on a shear deformable theory
[20,39,40], they can be expressed in terms of the gov-
erning displacements as

Ws(Ss, N, Z) = —Ns Sin a(S5)Up(2) — x(85)0y(2)
+ Nsq(85)075(2) — W(Ss)Y,(2);
Us(Ss, N, Z) = €0s a(Ss)Up(z) + [r(Ss) + Ns)0p(2);

Vs(Ss, N5, 2) = sin a(Ss)Up(z) — q(Ss)0,6(2).

m

Here, q(ss) = x(ss)cos a(ss) + y(s)sin a(ss) and r(ss) =
x(ss)sin a(sg) — y(s)cos a(ss). a(ss) is an angle between
the positive directions of the s; axis and X-axis (Figure 4a)
and it is taken positive in the clockwise direction from the
X-axis. w(s;) = Jossr(ss)dss is the sectorial coordinate of the

point being considered. The buckling displacement fields
at a point along the coordinates (sg1, ng1, z) in FRP layer 1

YLZ P

FRP layer
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are denoted as Ug1, Vy1, W1 and they can be assumed as
[20,39,40]

ng(sgl’ Ng1, z) = _X(Sg1)9y1b(l) + nglx(sgl)ez/b(z);
Ug1(Sg1, Ng1, 2) = Upp(2) + Ng16,p(2); 2
Vg1(Sg1, g1, 2) = —X(8g1)0;6(2).

Also, the displacement fields at a point with coordi-

nates (Sg2, Ng2, ) in FRP layer 2 are ugy, Vg2, Wy2 and can
be expressed as [20,39,40]

Wgz(sgz, Ngo, z) = _X(sgz)eyZb(Z) + ngzx(sgz)ez/b(z)§
Ug2(Sg2, Ng2, Z) = Unp(2) + Ng20(2); ?3)
Vea(Sg2, Ng2, Z) = —X(Sg2)075(2).

The buckling displacement fields at a point along coor-
dinates (Sq1, Nq1, Z) in Epoxy layer 1 are denoted as ugs, Va1,
W, Based on Assumption (iii), they are linearly interpo-
lated from the displacements at the uppermost steel fiber
(i.e., ng = tr/2) and those at the bottom of FRP layer 1

(i.e., Ngy = _tg1/2), i.e.,

1 ng t
Wat(Sa1, Nat, 2) = [E - ?“1 ws[ss, 7
1 Na1 tgl
+ [E + ?al ng[sgly_TyZ ;
1 ng i
Uq1(Sa1, N1, Z) = [E - t_a]us Sss o z
al . (4)
1 Ng1 g1

1 n tr
Var(Sats Mg, Z) = [5 - t—“ll]vs[ss, > Z]
a

|1, Ra
2 ta1

t
g1
Vg1[Sg1, —7, Z|.

From Egs. (1) and (2), by setting n; = t7/2, ng1 = —tg1/2
and by substituting into Eq. (4), we have

Lateral ## Lateral il ;
brace é g Bbrace h ol
/71;17777 | FRP layer \ /777%77 | 1,
“ ' Ly N ‘l——b_,——l ZZ
(@) T
(b)

Figure 4: Profile (a) and cross-section (b) of the FRP layer-bonded steel beam in Example 1.
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) _[% B rtl_all ()0(2) 3.3 Expression of buckling strain fields

Wa1(Sa1, Nats Z)

1 a The buckling normal and shear strains in the steel member
- [E + o X (5)0y1(2) and the FRP layers are often obtained as
. (tr—t)  (+ tp)a )8, 6= ow 1 [%] aul]
4 2t oz 2|\ oz oz ®)
hy(1 na ) _ oui N ow; N ou; ou; . ow; awl ov; 9v;
x(2) - 7[5 - X()Py(2); Yoz = "5, ds; 0z ds; 0s; 0z asl oz’
1 1 [ = i =
Harl St P, 2) = [E B % Uy(z) * [ 2 + _]Uw(Z) wherei=s d'enotes the steel member, i = g1 denotes FRP
al layer 1, and i = g2 denotes FRP layer 2. The normal and
h=ty (h+tgna shear strains in the steel beam can be obtained by substi-
* 4 2 (2); tuting Eq. (1) into Eq. (8) to yield the following expressions:
Vai(Sat, Na1, 2) = —X(8)0z5(2). & = ~ngsina(s)Uy'(2) - x(s5)05,(2) + nsq(ss)6;5(2)
. For Epoxy lay.er 2, the buckling displacement fields at a - (S, (2) + EUI;Z(Z) + [ng cos a(s)
point along coordinates (Sy2, Ng, Z) are denoted as Ugs, Vyz, . )
W, They are linearly interpolated from the displacements - Y(s)1Up(2)8;(2) + qu(ss)@'ﬁ(l)
at the lowermost steel fiber and those at the top of the FRP 1
layer 2, ie., 2[7”(Ss) + ng05(2),
(1 ne i ,
Wa2(Saz, Naz, Z) = ot tr Wi Ss: =2 Z Yoz = €08 a(ss)Up(2) = cos a(ss)0ys(2)
1 Ng2 7%} +{r(ss) + 2mq'(ss)}0,,(2) - w’(Ss)lﬁb(Z)
+ ___WgZSgZ,_,Z; , . ,
2l 2 = q'(s) sin a(s5)Uj(2)05(2)
t N2y : % /
Uex(Sazs Mz Z) = [ + % Uy 5, _Ef’ Z] ngq'(ss) sin a(ss) Uy (2)0;(2)
a2 (6) + mw'(ss) sin a(ss) Uy (2)y(2)
1_ e L | + x(8s) cos a(ss)0yp(z z
g s 2 (55) €0S a(5)0ys(2)0;5(2) o)
= nsq(Ss) €08 a(s)6yn(2)0;,(2)
Va2(Sazs N2,y Z) = 1+Mvs t—fz
az\>az Tab 2t LY 2’ +0(Ss) €08 a(Ss)0yp(2) Yy (2)
L _nae lg2 + q(85)q(55)0:5(2)075(2) = X($)Nsq'(55)63(2)67(2)
2 - ¢ Vo2[Sg2, 9 VAR
a + X(8)W (85)055(2)Yy(2) + nIq(s)q (55)6;(2)073(2)
From Egs. (1) and (2), by setting ns = —t7/2, Ngy = tg2/2 - W(snsq'(s9)0;,(2)Y; (2)
and substituting into Eq. (6), we have ; . y ,
& g (6) = W(SINsq(Ss)0(2)Py(2) + W(S)W(S5)y (2)Yy(2).
1 n
Wa2(Saz, Na2, 2) = _IE + t—az X(Sa2)0y1(2) The normal and shear strains in FRP layer 1 can be
1 « obtained by substituting Eq. (2) into Eq. (8), Le.,
n 2 * * * *
B [E B é X (S22)0y2(2) €1 = Eg1,22 ¥ Ng1Kg1 220 Vo5 = Yo,z t NgiKgy sz (10)
(tr — tg)  (tf + tg)Ney where
- [ R (O . .
a * 7 7 /
" (1 @ e X8 + JUE) + X s,
@+ Y, e . / -
2|2 ¥ Ketar = X(s5)0(2) + Uin(2)6(2);
a5 M 2) = [% . M]Ub( )+ [_ - _]UZ,,( ) Vinse = U@ = 8@ + XGa)u@0n@ )
(h=ty) (h+ tg)na + X(Sg1)0:6(2)65(2);
- + . % 7 ’ ’
7 TR Kinse = +205(2) = X(551)05(2)03(2)

Vao(Sazs Na2, 2) = =X(Sa2)0(2). = X(S¢1)0y15(2)6;(2).
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Also, the normal and shear strains in FRP layer 2 can

be obtained by substituting Eq. (3) into Eq. (8), Le.,
&g = Egz,zz + ngZK;Z,ZZ’ Yooz = Vg*z,sz + ngzkgz’ﬂ’ 13)

where

Eiaun = X(5pB52) + SURE) + SX52005(2)
Kga,22 = X(8g2)05(2) + Upy(2)07(2),
Vgg,sz = Ug(z) = Oyap(2) + X(SgZ)Q)/;Zb(Z)OyZb(Z)
+ X(g2)0:6(2)6;(2),
Kgosz = +2075(2) — X(842)00(2)07(2)
— X(S42)0y26(2)0,,(2).

The deformations of epoxy layers are assumed to be
mostly contributed by shear strains. The following three
shear strains in the epoxy layers are obtained as

(14)

L u O 0vow  owow  ouou
L 9z 9m; 0z onm; 8z om; 0z on;’
Lo O dw O dw owidw o
hsn 68,- an,- as,- an,- 6s,» 6ni 6s,- ani ’
Lo du ow dwou  owow  oudv,
L8z 0z 0s; 0z 0S; 0z 0s; oz aSi’

in which subscript i = al denotes Epoxy layer 1 and i = a2
denotes Epoxy layer 2. The shear strains in Epoxy layer 1 can
be expressed in terms of governing displacement fields by sub-
stituting Eq. (5) into Eq. (15) and neglecting nonlinear terms, ie.,

1 1
Val,zn = _X(sal)eyb(z) - _X(sal)gylb(z)
tal tal
tf + tgl h
- [—Zt + 1(sa)0(@) + 5 X(sa)y(2);
al tal
1 1 h + 2ty + tyy
Yo = ~Uh@) + —Un(2) - ————=0,(2);
’ tal tal 2ta1
| nalg |1 ta
Val,sz - 2 ta Ub( ) 2 tu eyb(z) (16)
1 Na1 1 Nag1
+|= + —|U; -|=+—10
2t 15(2) [2 tal] \16(2)
h+tr—2t h+tr + 2t;)n
. r =20 (Wt b+ 20N 6,2)
4 2ty
hb 1 Na1
2 [2 |V

Also, the shear strains in Epoxy layer 2 can be expressed

in terms of governing displacement fields by substituting Eq.
(7) into Eq. (15) and neglecting nonlinear terms, ie.,

DE GRUYTER

1 1
= ——X(Sa2)0yp + _X(Saz)eyzb(z)
ta2 taZ

(tf + tgz)
2tz

Vaz,zn

- + 1x(8a2)07(2)

h
* S Xy

1 1 h +
= —Uyz) - —Un(2) -
taZ taz

an

1 ng
(@) - [E - 'tl—j]em(z)

h + ty - ztgz N (h + iy + 2tg2)na2
4 2tq

hb 1 Nao
T [2 t g @

075(2)

3.4 Expression of buckling stresses and
stress resultants

Steel has an elastic modulus E,, a shear modulus G;, and a
Poisson’s ratio u. The steel stress—strain relations are thus
expressed as

0s = Es&s, = GsVs,sz- (18)

Ts,sz

FRP layers are assumed to be stacked by n FRP laminae
[19]. The FRP laminae are symmetrically balanced about
the middle height of the layer. FRP lamina k (where
k=1, 2, ..,n)has an axial elasticity modulus Ej ,, a lateral
elasticity modulus Ey s, a shear modulus Gy sz, and Poisson’s
ratio Vs, Vksz- Based on the theories of composite struc-
tures [19,40-43], the FRP strain-stress resultant relations
can be obtained as

N;i,zz = Zgi,llegi,zz’ N;i,xz = Egi,GGV;j,XZ: (19)

* N * * N *
Mgi,zz - Dgi,llKgi,zz: Mgi,xz - Dgi,GGKgi,xz:

where Ny ;. Ngi s Mg, and Mg, (i =1 or 2) are the
stress resultants in the FRP layer i. Plate stiffnesses Agi,n,
Agie6, Dgi1, Dgige in Eq. (19) are evaluated and presented in
Appendix 1. The shear stress—strain relationships in Epoxy
layersi (i = 1, 2) are assumed as

Taizn = Gaiyai,m; Tai,sn = Gaiyai,sny Tai,sz = Gaiyai,szy (20)

where G; is the shear modulus of the epoxy material.
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3.5 Pre-buckling analysis

A pre-buckling analysis is necessary to obtain pre-buckling
internal forces that contribute to the geometric buckling
stiffnesses of the system. The total in-plane pre-buckling
potential energy m, of the system is contributed by a pre-
buckling internal strain energy of 77,y and a pre-buckling
load potential energy of 77,y. When the system is in a static
equilibrium state, the first variation of the energy &m,
vanishes [44], i.e.,

81y = 8(myy + Mpy) = 0, 1)

in which the pre-buckling internal strain energy 7,y can be
obtained by the following expression:

L L
1
Ty = IIEseﬁsdAsdz + J’IGszzs,sszst
0 4 04,
Lb Lb
+ IIAg1,118§g1,zdedZ + J-J'D_gl,llkﬁgl,zdedZ
00 00
L Lb, (22)
+ _[_[GalV;al,zndAale + _”Agz,nsggz,zzd)(dz
04g 00
Lb, L
+ J—J'D_gZ,HKggz,zdedZ + _[_[GaZV;az,zndAaZdZ ,
00 0Ag

where the pre-buckling strains in Eq. (22) can be obtained
as [41]

Eps = WI;(Z) + ng cos a(ss)Vl;’(z) - y(ss)e,;p(z),

yps,sz = sin a(sl){Vé(Z) - pr(z)},

E;gl,zz = VVl'p(Z),

K;gl,zz = V[;,(Z):
5;55?22 = VVZIp(Z):
Kpgnz = V5 (2),
1 (23
ypal,nz - _a p(z) + avvlp(z)
(Ztal + tf + tgl) hb
- " V}(2) - 7 0(2),
S VAD) = 5 0y()
1 1
VpaZ,nz - ta_zmlp(z) - ta_ZVVZP(Z)

Qo+t + tg)

, hy
2 Vy(2) 2% Oxp(2).

Here, Wj(z), Wip(z), Wy(z) are, respectively, the long-
itudinal governing displacement field of the cross-sectional
centroid of the steel beam, that of the cross-sectional cen-

troid of the FRP layer 1, and that of the cross-sectional
centroid of the FRP layer 2. Also, V,(z) is the vertical
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governing displacement field of the composite section,
while 0y,(z) is the slope of the vertical displacement field
of the composite section [41]. In Eq. (21), 7yy is the load
potential energy caused by in-plane pre-buckling loads and
has been defined in the study of Thanh and Phe [41]. From
Eq. (23), by substituting into Eq. (22), an expression of 7,y
in terms of the pre-buckling governing displacement fields
can be obtained. Based on expressions of 7,y, by substi-
tuting into Eq. (21) and taking the first variation of the total
potential energy m,, a system of equilibrium equations
and corresponding boundary conditions can be obtained.
By solving such a problem, solutions of the in-plane gov-
erning displacements and the pre-buckling internal forces
of the system can be obtained. This procedure was solved
by Thanh and Phe [41]. The present study takes the pre-
buckling stress resultants from that solution for the devel-
opment of the present buckling FE formulation. The
in-plane pre-buckling strains of the system can be
expressed in terms of the in-plane pre-buckling stress
resultant as follows:

Ny(2) M, M,
14 SS XS
Eps = —— + Ng €os a(S)— — y(s. ,
DS EA, s (8s) Is Y( s) Ix
. @
yps,sz = sin a(sl)A—y
w
(24)
€ _ NlP K _ M
pglzz bAgl,ll ) pglzz ngl,ll )
NZP Mss

& e e— K e —
pg2,22 s pg2,22 s
bAgz, 11 ngZ, 1

where N,(2), Nip(2), Nyp, Qp(z), Mss(z), Mys(z) are the stress
resultants associated with the governing displacement fields
Wp(2), Wip(z), Wyp(2), Vp(2), V;(2), 6xp(z). The mechanical
properties of the steel are I = 2bt}/12, Ly = btshi}/2 + t,h/12,
Ag = 2bty + hyty, Ay = hyty, while Agpy, Dy of the FRP
layers are defined in Appendix 1.

3.6 Buckling analysis

The total buckling potential energy of the system and
its variational computations are developed in this
section. When the system is in the buckling equilibrium
state, the variation of the second variation of the total
buckling potential energy 7 of the system should vanish
[44], ie.,

(25)

1
5[58271] =6 =0.

1
(8% + 6%V)

Here, U is the total buckling strain energy and V is the
total load potential loss. The strain energy U is obtained as
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Lb

L L Lb Lb
U= IIgsGsdAst + J-J'Vs,szfs,sszst + _IJlggl,zzNgl,zszgldz + J—jK;h 2z gl 24Aq1dz + IIVgl szNgl 2dAg1dz

0 A 0 A 00
Lby

00 00
Lb,

_[_[Kgl szMgl s20Ag1dz + I I (Va1 mTaim + Yo snlatsn + Var,s77a, s2)UAgpdz + I_[fgz zzNgZ 2044202

04y
Lb2 Lb, Lb,

(26)

+ IIKEz 2zMg2,2,0A514Z + _”ng oNg2,520Ag202 + IIng seMg2,5,0A¢202
00

00
L

+ J’J’(VazlnTaZ,zn * YagsnTazsn + Vaz’szTaZ,sz)dAade-
0Ag

From Eq. (26), by substituting stresses in Section 3.4 and
taking the second variation with respect to the strains, we have

L L

1 1

580 = [ [Ed@el + ep5%eMaasaz + [ [Gleoyh? + 89 1dadz
0 A 0 A,
Lb Lb

Lb

+ IIAg1,11[(5€§f,zz)2 + Epg1,25°851 171Xz + JID_gl,ll[(6K§izz)2 + Kpg1,226°Kgh 17 ]dxdz +JJ-Ag1,66(6V;£ ) dxdz
00

00 00

L L
+ HDg1 se( KLk ) xdz + U Gu(By, A0z + [ [ Gu(8y, ) PdAndz + [ [ Gu(yk, Y dAndz

0An

044
Lb Lb

27)
0 An
Lb

+ [ Al (625,07 + epgr el Jxdz + [ [ Dl (k25,02 + Kpgo u672Y,Jdxdlz + HAgz s6(8Y% ) dxdz

00 00

L
. HDgz se(8K LS o, elxdz + J'J' GaaSy2, Aoz + [ [ GuatOylk, YA wadz + j [ Gaay2k, 04z,

0Ag

The second variation of the total load potential loss in
Eq. (25) causes loads Py(zp,)p) and q,(z,y,) and can be
obtained as

1 1
E5ZV =3 =Py(2p,Yp). Yp- [60,(2p)]?
28)

- [ 4@ 3. 3, 16020z}
0

In Eq. (27), pre-buckling strains g, Yos» Epglzzs Kpgizz,
£pg2,22, AN Kpg3 5, have been defined in Eq. (24). Meanwhile,

0Ag

0Ag

the strains with superscript bL in Eq. (27) denote the first
variation of linear buckling strains, while those with super-
script bN denote the second variation of nonlinear buck-
ling strains.

3.6.1 First variation of linear buckling strains

The linear buckling strains in Eq. (27) can be obtained
by neglecting pre-buckling and high-order terms in
Eqs. (9)—(17) and taking the first variation. As a result, we
obtain
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8ell = —ng sina(s,)SU (z) — x(s5)86 0p(2) + nsq(s5)86,(2) = w(ss)éY,(2),

5)/5 o, = €08a(ss)8U;(z) — cosa(ss)80yp(z) + [r(ss) + 2n1]66;,(2) — r(Ss)Syy(2),

et 1, = ~X(5g1)80;1(2),  BKpL,, = X(Sg1)86;1,(2), 6)1;,’1 o = SUN(Z) = 80y1(2),  SKYLs, = 286;,(2),
Byl = X (a)B0y(2) = - xX(5a)00y (@) = [ + x(5a)00(2) + xS,

2150,(2),

1+h ter

SyIL,, = = 8Uy(2) + - SU(2) -

§ Bylb(z )

6ya1 sz [7 - nal]SUb(z) - [7 - %]‘Seyb(z) + [% + 22 5Ulb(z) [ %

. [h+tf—2tg1 (h+tf+2tgl)nal

R TR LR )
685%,22 = _X(ng)fs@)';zb(z), 6K 82,22 ~ +X(Sg2)5 4 (Z): 6)} 82,52 _60y2b(z) + (SUZ,b(Z): 6K 82,52 ~ 2592/b(2),

(t )
Sy = ~ X (sa)80yy + X (522)S0yn(2) — |y

+ 1|(502)80;5(2) + 51X (502)8y(2),

SUn(z) , OUNZ) _ [h+tgz
2ta2

6ya2 sno + 1]6921,(2),

ta2 ta2

5)/ azsz [7 naz]SUb(z) B [7 + "az](seyb(z) + [7 e 6U2b(z)

tr+h-2tg (tr + h+2tg2)nay hy

) [5 - 2 (80y28(2) - [ 7T ]692,”( )+ _[_ ' M]51/)1’(2)

3.6.2 Second variation of nonlinear buckling strains

The second variation of nonlinear buckling strains is eval-
uated by neglecting linear terms from Egs. (9)-(17). Taking
the second variation and neglecting high-order terms,
we have
8% = (8U"p)* + 2[ns cos a(ss) - Y(ss)I8U3(2)80;(2) + {q%(ss) + [1(ss) + nsIP}(66,)%,
Vsbﬁ = -2sin a(s5)6U(2)86,5(2) - 2n¢ sin a(s) U5 (2)6;,(2), 8%y = (SU,)* + xX(S)(86;(2))%,

gy = 26U1,80,(2),  S%g = (8Up)* + X*(5)(86;5(2))%,  &%Kgy = 28U3,66;,(2).
3.6.3 Buckling energy expressions

From Eqs. (24), (27), (29), and (30), by substituting into Eq.
(25), the second variation of the strain energy is finally
obtained. By taking integrals over the sectional areas,
one obtains

-_ 9

(29)

(30)
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L
767 = I 8T (2)8U; (2) + 2 3 805(2)805(2) + Ly suSOp(2D80(2) + L agW; (2805 (2)]dz
0
24 -24r 0 0 |lsUy(2)
L ) ) —2Ar 2Ar 0 0 86,(2) L ) _ \ )
+ £<5Ub(2) 80u(z) 802 SY,@DIG| o J, -hiAf é‘Oz’b(z)dZ+_(];69y1b(Z)(Agl,llb 112)86;1,(2)dz
0 0 -hfAr/2 hiAs2 |[S¥(2)
SU;(2)
66y15(2)
4 -4 2tpn 2hy 80y4(2)
-4 4 2tfea1 -2hy, 80y1,(2)
g 2pgar G ot || 50;(2)
Zhb —Zhb _hbtfgal h,f &vbb(z)

L L
+ [86;3(2) (D1 nb*12)80;(2)dz + [(8Uiy(2) 60y1b(z)>Ag1,55b[_11 '11]
0 0

L
’dz + I‘Seéb(l)(4b5g1,66)59z'b(l)d2
0

Loy
+ Gutf 351, (60y(2)  86y(2)  805(2)  S,(2))
0

L 4 2dal,a -4 8Uy(2)
1

+ Ga I<6Ub(z) 69217(2) 6Ulb(z)>)(a1,a 2dal,o dc%l,a _Zdal,a 6ezb(z) dz
0 -4 -2dy, 4 |6Un(2)

L
+ Gu[(8Us(2) 86,(2) SUi(2) 86y(2) 86,(2) Sy(2)
0

2 -2 1 -1 Mys1 -h, ]| 6Us2)

-2 2 -1 1 Mg hy 86yp(2)

. Mar 1 -1 2 -2 haszt —hy2 || U (2)
6 —1 1 —2 2 _hZSzl hb/2 60ylb(z)

hlszl _hlszl h2521 _hZSzl h3§zl _hbhlsz1/2 é'ez’b(z)
“hy  hy ~hel2 2 —hphisal2  RF2 || Syy(2)

L L
+ [865)(2)(Aga1b*112)80),(2)dz + [8055(2)(Dga,b*/12)86;5(2)dz @D
0 0

e =1 -1]]8Un2)
+ Jlous 0 800 st} ]l )

L
dz + [86;,(2)(4bDyg,65)80;(2)dz
0

L 3
+ Gof 15 (80(2)  80,(2) 8632) 8,(2))
0

4 -4 2t -2hy, 80y1(2)
-4 4 —2tfe0n 2hy 86,2(2)
Upgar ~2pgaz Gy ~holggaz|| 86;(2)
—2hy  2hy  —Mtgay  hE || S¥6(2)

L
dz + Guof(8Un(2)  86(2)  SUn(@))Xupe
0

4 “2dp0 4 | S8U2) L
x (2o dazo2 2dazol{80(2)dz + Guof (SUp(2) 80yu(z) SUz(2) 80ym(2) 80;(2) Yy (2))
-4 2, 4 |6Un(z) 0
2 2 1 -1 —hg hy || U@
-2 2 -1 1 hlszZ _hb 59yb(z)
L e 1 -1 2 -2 ~hasz hpl2 || 6Uz(2)
6 -1 1 -2 2 hasz2 ~hy/2 59yzb(l)

~“hiszz Miszz —hoszz hosza hssrr ~hohusnal2 || 567,(2)
hy  —hy hpl2 —hl2 —hphisal2 RG2Sy (z)

L L L
+ 2[My(2)8U" 80’ 1z ~ 2[Q,(2)SU’y(2)80,(2)dz + [N(Z)(SU”p)* + (T + L py)IA)(865,)*]dz
0 0 0

L 2 L 2
+ [Ng|(6U ) + 00 iz + [y (6U7 ) + %(se'zba))Z]dz]
0 0

L
+ % _Py(Znyp)~yp~ [692b(2p)]2 - qu(lq,yq)-yq‘ [6ezb(zq)]2d2’,
0
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where the sectional properties in Eq. (31) are defined as

Lyw = hut3/12,  Iyp = tb312, I = 2b%t3/144 + ht3/144, Les = hib3tp/24, A = bt,

T = hiAp[2 + 2633 + 33, trga1 =ty + toy + 2ta1,  dato=h + 2ta + by, Xorq = Aatalato

Qato = VAth, Thisn=h+1t; = ty, Py = (W +t))2 = 2p1,  haen = B2 + £§]2 + 205 + hty = htgy ~ Uyt
tgar = tf + tgy + 2y, Mgy = W+ by = tgy,  Mygp = (W + t7)[2 — 2y,

hszz = M2 + t3[2 + 23 + Mty = Rtgy = titgs, dago =M+ 22 + tg2; Yoo = Aazalazos Qazo = 1At

while material properties E;, G;, Gy, Agl,lly Agl,GGy D_g1,11, D_gl,eﬁ,
Gaz Aga11, Agae6, Dgo11, D are given in Section 3.4.

3.7 Development of an FE formulation

An FE formulation is developed for the FRP-strengthened
steel beam, as defined in Figure 1a and b. An approxima-
tion of the governing displacement fields is assumed as
(Us(2) Oyp(2) O(2) Wy(2) Oy(2) U(z) Byan(2) U2b(2)>i8
= (M) uo{{Zudoox1 {Zoyhoox1 {Zezhoox1 {Zylaoxa {Zeythaox1 {Zuidaox1 {Zeyabaoxt {Zuzbaoxt)ygg,

where {A}zx; is the element nodal displacement vector
that is expressed as
(Mo = (Ubo Uso Oypo Omo o Yho Gymo Umo OBywo Uso

b
Upr Upr Oypr Omr 01 Yyp Gywr Uwnr Oyanr Uwmi)

in which the governing displacements with subscript 0
denote the nodal displacement at coordinate Z = 0 of the
element, while those with subscript L denote the nodal
displacement at coordinate of the element. The shape func-
tions in Eq. (33) are defined as

(Za)p = (fi(® £,(2) 00000000 f(z) f,(z) 0000000 0)
(Zoy)izo=(0 0 £;(z) 000000000 f(z) 000000 0),
(Zog)hpo=(0 0 0 £(2) f£,(z) 00000000 £z f,(z) 0000 0),
(ZyYrpp=(0 0000 £(z) 000000000 fi(z) 000 0),
(Zoy1)p=(0 0 00 00 £z 000000000 f£(z) 00 0),
(Zu)hpp=(0 000000 £z 000000000 fi(z) 00),
(Zoya)hzo=(0 0 000000 £z 000000000 fi(2) 0),
(Zu)'pp=(0 00000000 f£;(z 000000000 £(2),

1

(32)

(33

(34)

(35)
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in which the following approximate functions of z coordi-
nates are given as
fi(2) =1-3(z/L)* + 2(z/L)?,
£,(2) = 3@ILY - 221y,  f(2) =1~ zIL,
5(2) =z - 2Z°L) + (Z|1%),
fi(2) = 2312 - 22IL, fy(2) = z/L.

(36)

Based on the total pre-buckling potential energy as
developed in Section 3.5, an FE formulation can be devel-
oped to predict the static responses (i.e., stress resultants
and displacements) of the system. This work was com-
pleted by Thanh and Phe [41]. The pre-buckling stress
results can be obtained and expressed as

Ny(2) = (Zp)1x2{Np}ax1;
Mysp(2) = (Zp)1x2iMysplaxt;
Qy(2) = (Zp)1x2{Qp}2x1

Nip(z) = (Zp)1x2{Nip}ax1;
Nop(z) = (Zp)1x2{Nop}ax1,

(37

L

DE GRUYTER

in which the following nodal pre-buckling stress results are
defined as

(Np>{><2 = (Moo Npr),
(Mysp)isz = (Masp,oMisp 1),
(ngxz = (Cpo Q)
<N1p>{xz =( Nipr),
(Nop)uz = (Napo Nopr).

(38)

In Eq. (38), the nodal forces with subscript 0 denote
those at coordinate z = 0, while the nodal forces with sub-
script L denote those at z = L. Also, (Zp)1x; = (f5(2) fz(2)),
where f;(z), f;(z) are defined in Eq. (36). From Egs. (33)
and (37), by substituting into Eq. (31) and applying the
condition of buckling equilibrium as presented in Eq.
(25), an FE formulation for the buckling problem (i.e., an
eigenvalue problem) can be obtained as

{[Kel2ox20 + A[Kgl20x20H{A}20x1 = {0}20x1,

in which [Kg]ax20 is the elastic stiffness matrix and [Kg]oox20
is the geometric stiffness matrix of the element. They are
obtained as

(39)

[KE]ZOXZO = J{EsIs,yyW{Z{;}ZO><1<Z{;>{><20 + ZESIs,yyf{Zéy}ZOXKZIOy){xzo + EsIs,wwl{Zgz}ZOX1<Zgz>{><ZO

0

+ Eds wuglZihoxt(Zi)ixa + (Zidhaoxt  Zophaox1  {Zighaoaa {Zyhaox)

280 =247 0 0 ]|{Ziixo
‘G —24p 24 0 0 |[KZey)ixo
0 0 L -hiAr2|[(z )0
0 0 -hjAp/2 hjAp/2 || (Z,)

(40)

+{Ziy1b01(Bg1,1 D3 12)(Z i1 1ro

+ {27 3201Dgr b 12 Z;7, Va0 + {Ziz320x1(4Dg1,66)(Z qz)ixan + {Ziy2}20x1(Bg2,11D°12)(Z iy 5)1x0
+{Z" 13201(Dga,ub* 122" 2V 20 + {Ziy320x1(40Dig2,66)( L) 1xz0 + ({2 wikoox1t  {Zqyrtaox)

(Z'ulgxzo

(Zgy1)1x20

— 1 -1
XAgl,SSb[_l 1]

3

b
+ G {Zayhox1  {Zgyihaoa {Zgdaoxa {Zyhooxt)

48ty

4

+ Ga1<{Zu}20><1 {Zqz}ZOXI {Zul}20x1> * Xat,a 2dg1,0 dal,o2

-4

— 1
] + ({Z'w}a0x1 {quZ}ZOX1>Ag2,66b[_1

_11 (Z'w2)ix20
1 (Zgy2)1x20
4 -4 -2 2hy, <Zey>{><20
-4 4 2tga ~2hy (qu1>{><20
2pa 2ga g ~Mptga (Z2) 10
2h,  -2hy _hbtfgal hl? <Zw>{><20
Zdal,o -4 (Zu>1T><ZO

_Zdal,o (Zngxzo
“2ao 4 [(Zu)ao
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L
+Ga1J’<{Z{;}20x1 {Zoyhaox1 {Zuhoxa {Zgyihaoxa {Zgzhaox1 {Zyhoxa)
0
2 1 1 My —h, (Zi) a0
-2 2 -1 1 _hlszl hb <Z6y>1><20
§ btyl| 1 -1 2 -2 hasz —hpl2 || (Zia)ixao
6 | -1 1 -2 2 —hasz1 hy/2 (qul>1x20
hisst —hisn hast —hos hsgr —hphysp/2 7/
) (Zi)1xa0
“hy, hy -hp/2 /2 -hyhigal2  hyl2
(Zy)ixao
4 -4 g —2hy ||[(Zeydixaw
S 1 e Tghvs Tt Zohwd x| R [(Pedien
X X X X X
48 Ot et SR R My 2z e Mot | (Zg) o
-2hy, 2hy _hbtfgaz th (ZI)){XZO
4 _2da2,0 -4 <Zu>{><20
+ Gaal{Zudaoxt {Zgzhoxt  {Zuzbaox1) X Xgpa|~2dazo  dazo®  2dano (Zgz)ixa0
4 2a0 4 |[(Zw)ao
+ Gp({Zi0a {Zoyhoxa {Zihooxt {Zgyzbaoa {Zgtaox1 {Zyhoxa)
2 -2 1 -1 My hy Zidao
2 2 11 gy “hy || Zo)in
. bta 1 -1 2 -2 —hyszo hul2  |[(Z2)ixzo iz
6 | -1 1 -2 2 hasza ~hol2 | Zgya)eaol|
_hlszZ hlszz _hZSZZ hZSzz h3szz _hbhlszz/z VA
) (Zi)x0
hy -hy hp/2 —hp/2 —hphisp/2  hyl2
(Zy)ixa0
and
’ L
[Kghax :jKNp)le{ZP}ZX1{{Zﬁb}20x1<zﬁh>{xzo+ SJXXA syy{Zez}20x1<Zez>1xzo}dZ (Qp1xa{Zp}axaliZin}20x1(Zoz)ix20
0 S
+ {Zozb20x1(Z ) 1x20102+ (Mispd1x2§Zp}ax1l{Zip}20x1(Z ) ixa0 + 1Z0z}20x1{Ziap)1x201d2
L ) b .
l{zﬁlb}zodzﬁmhxzo + E{Zéz}ZOX1<Zéz>1XZO’dZ (41
0

L

J[<N2p>1><2{ZP}2><1{{Zu2h}20><1<z 2b)1x20}d2+_[
0

b2
<N2p>1xz{zp}2x1[+ E{Zfaz}zoxl(Zéz){xzo’dZ

- 4,2, (D Zoz}ho1(Zozhxaoldz - Z By Z6 Y hor (262 Y1xao-

=0,L

The FE formulation developed in Eq. (4) is applied for the
buckling analysis of the general case (ie., a steel element
bonded with two GFRP laminates, as defined in Figure 1a
and b). By simplifying the general case, other FE formulations
can be developed for the buckling prediction of possible
strengthening scenarios (i.e., a bare steel beam not strength-
ened, a steel element bonded with a top GFRP laminate, and a
steel element bonded with a bottom GFRP laminate).

4 Validation and discussion of
results

Four examples are conducted to validate the FE formulation of
the present study. Examples 1 and 2 validate the buckling loads
and modes of single/continuous-span steel beams bonded with
FRP layers predicted by the present FE formulation against
those of the 3-dimensional FE analyses (3D FEA). Examples 3
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and 4 compare the buckling responses of continuous bare steel
beams as obtained from the present FE formulations against
those obtained from previous numerical results by Sahraei
et al. [36] and Barsoum and Gallagher [37], experiment-based
approximations by Zhao and Ding [38], typical design stan-
dards for steel structures [33-35] and the 3D FEA solutions.
Parametric studies in Examples 1 and 2 are also conducted to
investigate the strengthening effectiveness for the LTB resis-
tances in the FRP-bonded steel beams.

4.1 Example 1: Validation of the present
solutions for a single span steel beam
partially bonded with orthotropic FRP
layers and parametric studies

A single-span steel beam partially bonded with two FRP layers
is considered in the present example (Figure 4a and b).
The beam is vertically supported by a pin support at beam
end A and a movable support at beam end B (Figure 4a).
Also, lateral braces in the X-axis direction are applied to the
beam ends to restrain twisting angle and lateral displace-
ments at the end cross-sections. However, the slopes of the
twisting angle and lateral displacements are free at the
cross-sections. The beam is subjected to a midspan point
load P applied at the steel section centroid. The steel
cross-section is W250 x 45 (h =266 mm, b = 148 mm,
tr =13 mm, t, =76 mm) (Figure 4c). The thickness
of both FRP layers is taken as ity = t; =20 mm,
while that of both epoxy bonding layers is given as
ta1 = tgz = 1.0 mm. The steel has a modulus of elasticity
of 200 GPa and a Poisson’s ratio of 0.3. The epoxy has a
modulus of elasticity of 3.18 GPa and a Poisson’s ratio of
0.25. The FRP layer is stacked by 16 orthotropic laminae
(GF600 material [20]). Each lamina has a longitudinal elas-
ticity modulus of Ex , = 36.87 GPa, elastic moduli of Ey s =
Exn =10.64 GPa, shearing stiffnesses of Gkgsn = G zn =

ng Top FRP layer
n; Top Epoxy layer
ngt 111
ns Steel beam

n
n;’ Bottom Epoxy layer
n, Bottom FRP layer

n; ng

(a)

DE GRUYTER

327GPa, Gys,=393GPa, and Poisson ratios of
Uesn = My on = 0.28, pty o, = 0.33. The FRP laminae are sym-
metrically arranged by an order of (i/-i/i/-i/i/-i[i/-1)s
where i takes a value from 0 to 90°. Three strengthening
schemes are considered in the example. In the first scheme,
the steel beam is bonded with the FRP layers over the whole
span length (ie, L, =50 m, a = 0.0 m). In the second
and third schemes, parts of the steel span are bonded
with the FRP layers (ie, L, =40 m, a=0.5 m and
L,=30 m, a=10 m). The buckling responses of the
present study are based on the FE formulation developed
in Eq. (39). The results of the buckling solutions based on the
present solution are compared against those of the 3D FEA
solutions conducted in ABAQUS. The effect of stacking
angles and the length of FRP layers on the buckling solutions
are investigated in the present example.

4.1.1 3D FEA solution

The 3D FEA solution is conducted in ABAQUS. Such solu-
tions are based on three-dimensional FEs C3D8R in the
ABAQUS library. The element has a brick shape with 8
nodes; each node has 3 nodal displacements, and 11 inde-
pendent numbers of elements n;, i =1, 2, ..., 11, are pro-
posed for the modelling (Figure 5). Here, ny, ny, n3, ng, ns, ng,
n;, and ng are, respectively, the number of elements along a
half of the clear flange width, the thickness of the bottom
FRP layer, the thickness of the bottom epoxy layer, the
flange thicknesses, the clear web height, the web thickness,
the thickness of the top epoxy layer, and the thickness of
the top FRP layer (Figure 5a), ng or ny; is the number of
elements along each unstrengthened segments, while ny is
the number of elements along the strengthened segment
(Figure 5b and c).

The boundary conditions at the beam ends in the 3D
FEA solution are presented in Figure 6a and b, in which the
pin support at beam end A can be created by restraining

z FRP layer
— ]
| 7|
- T ] g;
# ] FRP layer ] B
an 7 Njg 7 u”7l/

(b)

Figure 5: A 3D FEA mesh controlled by 11 independent element numbers across different edges of the model: (a) cross-section, (b) profile, and (c) the

first buckling mode.
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Figure 6: Boundary conditions at the left end A (a) and at the right end B (b) of the single steel beam.

the longitudinal and vertical displacements at the node
coincident with the centroid of the steel cross-section
with coordinate Z = 0 (Figure 6a). The movable support
at the beam end B can be created by restraining the ver-
tical displacement at the node coincident with the centroid
of the steel cross-section with coordinate Z =L, + 2a
(Figure 6b). The lateral braces can be created by
restraining the lateral displacements of the nodes lying
on the vertically symmetric axis of the steel cross-sections
at the beam ends (Figure 6). The twisting angle and lateral
displacement at the braces can be thus restrained, while
their slopes are free.

A mesh study is conducted to obtain the convergence
of the LTB loads based on the 3D FEA solutions. The mesh
study is presented for the structure with L, = 4.0 m,
a = 0.5 m and with FRP laminae symmetrically arranged
at +45°. Four meshes with different number of elements
named as Meshes M1, M2, M3, and M4 are assumed and
presented in Table 1.

Table 2 presents the comparison of the LTB resistances
of the 3D FEA solutions based on the different meshes. As
observed, the buckling load of Mesh M1 is 345.4 kN, that of

are converged. Therefore, the 3D FEA solutions will be
based on Mesh M3 for further investigations in the present
example. The time for a run of Mesh 3 is 2,280 s simulated
on a computer with Intel(R) and Core(TM) i7 processors
and a 16 GB RAM.

4.1.2 Present solution

A mesh convergence study based on the FE formulation
developed in Eq. (39) of the present study is also conducted.
The present FE formulation is established by using one-
dimensional elements and it does not relate to the mod-
eling of the cross-sectional dimensions, as must be done in
the 3D FEA solutions. To mesh the composite FRP-bonded
steel beams, it only requires three number of elements
ng, Ny, Ny (as defined in Figure 5b). Four different

Table 2: Buckling loads (kN) based on different meshes in the 3D FEA
solution

Mesh M2 is 226.5 kN, that of Mesh M3 is 220.5 kN, and that of Mesh 3D FEA solution % difference
Mesh 4 is 219.9 kN. When compared to the buckling load of 3454 571

Mesh M4, that of Mesh M1 is 57.1% higher, that of Mesh M2 226.5 3.0

is 226.5% higher, and that of Mesh M3 is only 0.3% higher. M3 220.5 0.3

This indicates that the buckling loads based on Mesh M3 M4 219.9 0.0

Table 1: Assumed 3D FEA meshes conducted in ABAQUS modeling Table 3: Assumed meshes in the present FE solution

Mesh n; ny ns ny ns ng n; ng ng nyo ny Mesh (1) nyo ny
M1 4 4 2 2 20 2 2 4 10 40 10 1 2 20 2
M2 0 8 4 4 40 4 4 8 20 80 20 2 40

M3 0 16 4 4 40 4 4 16 40 160 40 3 10 60 10
M4 0 16 4 4 80 4 4 16 80 320 80 4 20 80 20
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Table 4: Buckling loads based on different meshes in the present
solution

Load position Present study % difference

Mesh 1 306.1 36.4
Mesh 2 231.7 3.2
Mesh 3 225.3 0.4
Mesh 4 224.5 0.0

Meshes 1-4 are assumed for the mesh study, as presented
in Table 3.

In the present FE formulation, the pin support at beam
end A can be created by setting the governing displacements
Vpo(z =0) =0, Wy(z =0)=0. Also, the movable support
at beam end B is created by setting the governing displace-
ment V,(z = L, + 2a) = 0. The lateral braces at the beam
ends can be created by setting the twisting angle and the
lateral displacements Uy(z = 0) = 0, Uy(z = L, + 2a) =0,
0(z=0)=0, 6u(z=L,+2a)=0.

A comparison of the buckling resistances based on the
different meshes of the present FE solutions is presented in
Table 4. It is observed that the buckling loads are converted
in the solutions using Meshes 3 and 4. Therefore, the pre-
sent study uses Mesh 3 for further investigations in the
present example. The time for a run with Mesh 3 consumes
about 76 s conducted in the same computer as that simu-
lates the 3D FEA solution. It can be observed that the run-
ning time and effort for a buckling solution of the present
solution are much lower than those of the three-dimen-
sional FE analyses conducted in ABAQUS. It is noticed
that the present FE formulation has been developed as a
one-dimensional beam element.

300
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................ *
—{— Lr=5.0m, Present study
—&— Lr=4.0m, Present study
—O— Lr = 3.0m, Present study

150

Buckling load P (kN)

100 -~ .. O Lr =5.0m, 3D FEA
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GFRP fiber orientation angles (+ degree)

Figure 7: Comparisons of the LTB resistance loads with different FRP
fiber orientation angles predicted by the 3D FEA and the present
solutions.
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4.1.3 Results and discussion

Figure 7 presents the comparisons of the LTB resistances of
the systems with different FRP fiber orientation angles for
three strengthening schemes (i.e.,, L, = 5.0 m, L, = 4.0 m,
or L, = 3.0 m) predicted by the 3D FEA and the present
solutions. For each scheme, the buckling loads obtained
from the present FE solution are in an excellent agreement
with those of the 3D FEA solution. For example, in the
scheme L, =5.0 m and fiber angles of 0°, the buckling
load of the present solution is 225.9 kN, while that of the
3D FEA solution is 217.5 kN, corresponding to a difference
of 3.9%. In the scheme L, = 4.0 m and fiber angles of 0°,
the buckling load of the present solution is 203.6 kN, while
that of the 3D FEA solution is 195.7 kN, a difference of 4.0%.
For the scheme L, = 3.0 m and fiber angles of 0°, the buck-
ling load predicted by the present solution is 181.2 kN,
while that of the 3D FEA solution is 176.0 kN, a difference
of 3.0%. Excellent agreements of the buckling loads for the
systems with fiber angles from 15° to 90° are also observed
between the two solutions.

Based on the present solution in Figure 6, two impor-
tant effects of the FRP layers on the LTB resistances of the
steel beams strengthened with FRP are observed. First, the
systems with FRP lamina angles oriented at +45° have the
maximum buckling loads, while those oriented at +90°
have the smallest buckling loads. This can be explained
as follows: the FRP layers with fiber orientation arrange-
ments +45° may maximize Qgg, and the torsional and shear
stiffnesses (i.e., Ag1,66b1 and b1Dgy g6, respectively) of the FRP
layer (Appendix 1). The observation and results of the pre-
sent study are consistent with several previous solutions
(e.g., [11-20]). Second, the strengthening length of FRP
layers also has a significant effect on the buckling loads
of the systems. For example, the system with fiber angles of
0°, the buckling load of the strengthening scheme
L, = 5.0 m is 225.9 kN, while that of scheme L, =3.0 m
is 181.2, a difference of up to 19.8%. For the system with
fiber angles of +45°, the buckling load of the strengthening
scheme L, =50 m is 269.9 kN, while that of scheme
L, = 3.0 m is 186.5 kN, a difference of 30.9%. For each of
the fiber angles from 0° to 90°, the LTB resistances of the
system with different strengthening lengths L, = 5.0 m,
L, =40 m, L, =3.0 m are highly different, as observed
in Figure 7. This indicates that the buckling resistance of
the FRP-strengthened steel beams significantly depends on
the strengthening length of the FRP layers.

Based on the present solution, the strengthening effec-
tiveness of using FRP layers can be quantified. The LTB
resistance of the bare beam (without strengthening) is
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Table 5: Comparisons of the LTB resistance predicted by the 3D FEA and the present solutions in four other strengthening schemes in Example 1

Other strengthening Description in figure

FRP stacking Buckling load P (kN) % difference

scenarios angles
Present 3D FEA
study solution
) (2 (3) 4 () (4-5)/(5)
1st Y, FRP layer 0° 225.9 217.5 3.9
4 P
I 5 E 1
- ¢
fa L - ] /%77
A |, FRP layer L B
J’—u L -1'—7!'
A Ly A
2nd Y, FRP layer 0° 172.2 167 3.1
Z P
I 3 E — 1
- ]
~ %
AF(Z /lL Lr /||’ ﬂ B
3rd Y 0° 192.4 187 2.9
L.Z *P
fa L S — m
A L FRP layer L B
,La L aﬂL
A Ly A
4th Y Not applicable  136.9 135.2 13
4 i P
A ]
i %
At L +B

136.9 kN (Table 5). For the FRP layers with fiber angles of
0°, the LTB resistance of the steel beams bonded with a
5.0 m-long FRP layer is 225.9 kN, corresponding to the
effectiveness of 39.4%, while the LTB resistance of the
steel beams bonded with a 3.0 m-long FRP layer is 181.2
kN, corresponding to the effectiveness of 24.5%. For
FRP layers with fiber angles of +45° the LTB resistance
of the steel beams strengthened with a 5.0 m-long FRP
layer is 269.9KkN, corresponding to the effectiveness
of 49.5%, while the LTB resistance of the steel beams
bonded with a 3.0m-long FRP layer is 186.5 kN, corre-
sponding to the effectiveness of 26.6%. In this example,
the FRP strengthening effectiveness is dependent on both
the strengthening length and the orthotropic properties of
the FRP layers.

4.1.4 Further validations of the present solution for the
buckling load predictions of the steel beams in four
other strengthening scenarios

Four other systems are considered: the first strengthening
scenario is for the steel beam bonded with two FRP layers,
the second and third scenarios are for that strengthened

with a top or bottom FRP layer and the last one is for a bare
beam. The length of FRP layers in the four strengthening
scenarios are taken as L, =L =5.0 m, a = 0, while the
FRP layers are stacked by 0° angles. The mechanical prop-
erties and thickness of the FRP layers are given in Example 1.
The buckling resistances of the present study are based on the
FE formulations presented in Eq. (39) with minimized non-
existing parameters. A 3D FEA solution is again adopted to
validate the present study.

In Table 5, the LTB resistance differences of the four
strengthening scenarios predicted by the 3D FEA and the
present solutions are only from 1.3 to 3.9%. This implies
that the buckling predictions of the present study are in
good agreement with those of the 3D FEA solutions. Based
on the present study, the effectiveness of FRP strength-
ening can be evaluated. By comparing to the LTB resistance
of the bare beam (i.e., 136.9 kN, based on the fourth sce-
nario), the LTB resistance of the beam bonded with two
FRP layers (i.e., 225.9 kN in the first strengthening scenario)
is 39.4% higher, that of the beam bonded with a top FRP
layer (i.e., 172.2 kN in the second strengthening scenario) is
25.8% higher, and that of the beam bonded with a bottom
FRP layer (that is, 192.4 kN in the third strengthening sce-
nario) is 40.5% higher.
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Figure 8: Profile (a) and cross-section (b) of the two-span continuous composite beam in Example 3.

4.2 Example 2: Validation of the present
solutions for LTB predictions of continuous
FRP-bonded steel beams under the effect
of different load height positions

A two-span steel beam of Zhao and Ding [38] is visited in
the present example, and is presented in Figure 8. The
beam has a vertical pin support at Point A and movable
supports at Points B and C. Lateral braces are applied to
Points A, B, and C to restrain the lateral displacement and
twisting angle at these cross-sections. The beam has a
cross-section with dimensions h = 300 mm, b = 200 mm,
tw =10 mm, and ¢ = 16 mm. Span L, is taken as, 5.0 m
while the ratio L,/L, is taken as 0.5. In the present example,
span L, is bonded with a GFRP laminate with a length of
L;; = 4.6 m, while span L, is bonded with another GFRP
laminate with a length of L,; = 2.1 m. Both of the FRP
layers are made by stacking 16 equally thick orthotropic
GF800 laminae [18] oriented at fiber angles of 0°. The laminae
have an axial, lateral, and transverse moduli of elasticity of
Ey,=4595 GPa, Eyxs=En,=14.56 GPa, shearing stiff-
nesses of G sn = Gi.zn = 5.51 GPa, Gi s, =5.51 GPa, and Pois-
son’s ratios of . o, = thy ,, = 0.3, 14 i, = 0.33. The steel has an
elasticity modulus of 200 GPa and a Poisson ratio of 0.3. Steel
has an elasticity modulus of 3.18 GPa and a Poisson ratio of
0.3. Loads P and nP (where n = 1.0) are assumed to be
applied to the top flange centroid, steel section centroid, or
bottom flange centroids to account for the effect of load
height positions. The LTB resistances obtained by the present
FE solution are validated with the 3D FEA solutions.

4.2.1 Result discussion

Table 6 compares the LTB resistances as obtained from the
3D FEA and the present solutions for different load-high posi-
tions of P. When the load is applied at the top flange centroid,
the LTB resistance obtained by the present study is 474.2 kN,

while that of the 3D FEA solution is 471.3 kN, a difference of
0.6%. Also, the differences between the two solutions are only
0.3 and 0.5% when the loads are applied at the steel section
centroid and bottom flange centroid, respectively.

Figure 9 compares the LTB mode shapes (i.e., U, 05,8,
¥y, Uyp and By,p) as predicted by the 3D FEA and the present
solutions when loads P and nP are applied at the steel section
centroid. The mode shapes predicted by the two solutions can
be observed to be in excellent agreement. This indicates that
the LTB responses of the 3D FEA solution can be exactly
captured by the present solution. In Figure 9, it can also be
observed that the slope of Uj, the magnitude of 6,3, the slope
of 6,;, the magnitude of 1, at Support A are generally higher
than those at the middle support (i.e., Support B of Span L,).
This reflects that there is an interaction between the two
spans (ie., spans L; and L;) at the middle support.

4.3 Example 3: Validation of the present
solution against the standard guide-
based solutions and non-shear
deformable theory-based FE solutions
for the buckling prediction of continuous
bare steel beams

The present typical design standards (e.g., AISC [33], CSA
[34], and AUS [35]) do not provide simplified equations for

Table 6: A comparison of the LTB resistances (kN) obtained from the 3D
FEA and the present solutions under the effect of load height positions

Load position Present 3D FEA % difference
solution solution

Top flange 474.2 471.3 0.6

centroid

Section centroid 816.7 814.2 0.3

Bottom flange 1379.0 1372.4 0.5

centroid
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Figure 11: Comparisons of the buckling resistances obtained from dif-
ferent solutions for different spans.

the elastic LTB loads of continuous beams. In order to
approximately evaluate the buckling load, engineers often
treat each unbraced segment as a separate span, then to
calculate the individual LTB resistance of each segment
separately, and to conservatively use the smallest critical
moment as the one governing the LTB resistance of the con-
tinuous beam. Such a treatment may ignore the span inter-
action in continuous beams, as suggested by Sahraei et al
[36]. However, the solution of Sahraei et al. [36] followed a
non-shear FE formulation of Barsoum and Gallagher [37], ie.,
the shear deformation effects were not captured in these
investigations. Thus, this example will validate the buckling
loads predicted by the present shear FE formulations devel-
oped in Eq. (40) against those of the standard guides [33-35]
and the non-shear FE formulation [36].

A two-span bare steel beam is considered, as presented
in Figure 10a and b. The length of the first span is L; while
that of the second span is L,. The beam has a vertical pin
and movable supports at Points A, B, and C. Lateral braces
are applied to the points to restrain the lateral displace-
ment and twisting angle of these cross-sections. The steel
cross-sectional dimensions are h, b, t¢, and t,. The left span
is under a midspan load of P; while the right one is under
another load nP;, where 1 is a real number.

Sahraei et al. [36] adopted the non-shear deformable
FE formulation developed by Barsoum and Gallagher [37]
for the buckling load predictions of the two-span beam in
Figure 10a and b, in which the beam has a cross-section of
W250 x 58 (h = 252 mm, b = 203 mm, t,, = 8.0 mm, and

tr =135 mm) and an elasticity modulus of 200 GPa.
Span lengths L, = L,, where L; are 4.0, 6.0, or 8.0 m. The
load factor n is equal to 1.0 and both loads P; and nP; are
applied to the centroids of the steel beam cross-sections.
Figure 10 presents the comparisons of the buckling
loads P, of different span lengths L, = L, = 4.0,6.0,8.0 m
as obtained from the present solution, Sahraei et al [36], AISC
standard guide [33], Canadian standard CSA guide [34], Aus-
tralia standard guide [35], and the present 3D FEA. Among
the solutions, the buckling resistances of the 3D FEA solution
are considered as the reference solutions to compare against
the others. The buckling load of the beam with span
L, = L, = 40 m predicted by the present FE solution is 895.7
kN, while that based on the 3D FEA solution is 885.5 kN, corre-
sponding to a difference of 1.2%. For spans L, = L, = 6.0 m
and L; = L, = 8.0 m, the differences between the two solu-
tions are 0.2 and 0.6%, respectively (Figure 11). This indicates
that the buckling loads predicted by the present solution excel-
lently agree with those of the 3D FEA solution.

The LTB loads predicted by Sahraei et al. [36] are higher
than those based on the 3D FEA solutions (Figure 11). For span
L1 =Ly, = 4.0 m, the LTB load based on Sahraei et al. [36] is
937.4 kN, which is 5.9% higher than the 3D FEA buckling load.
For spans L; =L, =6.0 m and L; = L, = 8.0 m, Sahraei
et al [36] predicted the LTB loads, those are, respectively, 4.1
and 4.9% higher than the 3D FEA buckling loads. The over-
prediction of the solutions by Sahraei et al [36] may originate
from the shear deformation neglection in their Barsoum and
Gallagher FE solutions [37]. In contrast, the present study con-
siders the contribution of shear deformations and thus better
agrees with the 3D FEA solution for the LTB prediction.

From AISC, CSA, and AUS standard guides [33-35], the
LTB loads of the two-span beam are evaluated and pre-
sented in Figure 11. For span L; = L, = 4.0 m, the LTB
loads of AISC, CSA, and AUS guides are 877.9, 804.2, and
938.0 kN, respectively, and those are 0.9, 9.2, and 5.9%
different from the LTB loads of the 3D FEA. The differences
are, respectively, 2.3, 10.5, and 4.4% for span L; = L, =
6.0 m and 14, 9.7, and 5.3% for span L, = L, = 8.0 m.
Among the solutions considered, the present FE solutions
most agree with the 3D FEA and the AISC solutions. Also,
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Table 7: Comparisons of the buckling resistances obtained from different solutions for different span ratios

Solutions of buckling load P, (kN)

Spafn Comparison of the solutions against
ratio Prese.nt Zt}ao and 3D FE.A the 3D FEA solution (%)

Ly/L, solution Ding [38] solution

(1) (2 (3) (4) |2-41/(4) [3-4]/(4)
0.5 444.8 443.4 439.6 12 0.9

0.6 438.1 435.4 432.5 13 0.7

0.7 431.8 429.4 426.8 12 0.6

0.8 423.5 419.4 418.2 13 0.3

0.9 408.9 395.5 403.6 13 2.0

1.0 379.6 359.5 372.1 2.0 3.4

the solutions based on CSA and AUS standards are consid-
erably different from the 3D FEA solutions.

4.4 Example 4: Validations of the present
solution against the experimental
solutions of Zhao and Ding [38] and the
3D FEA solutions for the buckling load of
the continuous beams

Zhao and Ding [38] reported experimental results on the
LTB of two-span steel beams (Figure 9a and b). They pro-
posed an approximation equation for the evaluation of the
elastic LTB solution of the continuous beams. A 3D FEA
solution in ABAQUS is conducted in the present example
to compare against both solutions. A two-span beam stu-
died in Zhao and Ding [38] (Figure 10a and b) is visited in
the present example, in which the beam has a cross-section
with dimensions h = 300 mm, b = 200 mm, t, = 10 mm,
and tf =16 mm. Loads P; and nP; (where n =1.0) are
applied on the top flange position. Span L, is 5.0 m while
ratios L,/L; are taken as 0.5, 0.6, 0.7, 0.8, 0.9, or 1.0.

Table 7 compares the buckling loads P; for different
span ratios Ly/L;, as predicted by the solutions of Zhao
and Ding [38], the 3D FEA, and the present study. As
observed, the differences in the buckling loads between
the three solutions are from 0.3 to 3.4%. This indicates
that the present solution again agrees with the 3D FEA solu-
tion and the solution by Zhao and Ding [38]. Based on Table
7, it can also be observed that the buckling load of the con-
tinuous beam is smaller when the span ratio L;/L; increases.

5 Conclusions

The present study successfully developed a beam-based FE
formulation for the LTB analyses of steel beams partially

bonded with orthotropic FRP layers. The effects of partial
interactions between different materials, local and global
warping deformations, and load height positions were also
captured in the solutions. To develop the FE formulation, a
shear deformable theory was first proposed to describe the
buckling equilibrium states of the system, in which the
buckling equilibrium state was described by eight out-of-
plane governing displacement fields. Strains and stresses
were then derived and the total buckling potential energy
of the system was expressed in terms of the governing
displacements. An FE formulation based on linear and
cubic shape functions was then developed. Such an element
had two nodes and each node had ten degrees of freedom.
Through the comparisons of the buckling responses of var-
ious single and continuous span systems obtained from the
present solution against previous experimental and numer-
ical results, design standard guides of steel structures and the
3D FEA solutions conducted in ABAQUS, key conclusions were
obtained as follows.

The buckling loads/modes of the single and continuous
beams predicted by the present solution excellently agree
with those of previous experimental/numerical studies, as
observed in Examples 1-4.

Based on Examples 1 and 2, it was also observed that the
steel beams strengthened with FRP lamina angles oriented at
+45° had the highest buckling loads, while those oriented at
190° had the smallest buckling loads. Also, the strengthening
length of FRP layers had a significant effect on the buckling
loads of the FRP-strengthened steel beams. This was reported
in Example 1 in which the buckling loads of a 5 m span steel
beam bonded with 5 m long FRP layers were 19.8 to 30.9%
higher than those bonded with 3 m long FRP layers.

As observed in Examples 3 and 4, the effects of shear
deformations were captured in the 3D FEA and the present
solutions. The buckling loads of such solutions were
smaller than those predicted by non-shear deformable FE
solutions. Also, the present solution and the 3D FEA
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solution captured the effect of span interactions in contin-
uous beams and were not considered in several design
standards of steel structures.

The FRP strengthening effectiveness for the LTB loads
of the steel beams was from 24.5 to 49.5%, as observed in
Examples 1 and 2.
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Appendix 1 - Evaluation of GFRP
laminate stiffnesses

Plane stress-reduced stiffnesses of the kth GFRP lamina (as
defined in Figure 9) can be evaluated as

Qk,ll = Ek,z/(l - stvsz);

Qk,lZ = VZSEI\’,s/(1 - stVsz); (AD)
Qk,ZZ = Ek,s/(l - stVsz)y

Qk,ee = Gy,sz-

Here, parameters E ;, Ex s, Gk sz Vk,zs» Vk,sz are defined
in Section 3.4. The transformed lamina stiffnesses of a
lamina can be evaluated as
Quit = Q11 €08* Ve + 2(Qpe 1z + 20y 66) SIN* Y COS? Y
+ Qp g SIN* Yy,
Q12 = (Qu a1 * Qr o — 4Q% 66) SIN* Yy COS* Y
+ Qp 1p(sin*y, + costy,),
Quz2 = Qua SIN* Yy + 2(Qp g + 20y g6) SIN* Yy COS* Y
+ Qpz2 C0S* Yo
Q16 = Q1 = Qo ~ 2Qs 66) SIN Yy COS® Y
+ Q12 = Qrzz + 20k 66) SIN* Y COS Y,
Qxs = Q11 = Qo ~ 20k 66) SIN* Y €OS Y
+ (Qx12 ~ Qo + 20k 66) SN Yy COS* Yy,
Qre6 = Quut + Q22 ~ 20k 15 ~ 2Q) 66) SIN* Y COS? Y,

+ Que(sin? y + cosy),

(A2)
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where y, is the fiber orientation angle of the kth lamina.
Then, the extensional and bending stiffnesses of a GFRP
laminate can be obtained through

n
Agief = Zék,ej(ykﬂ =)
kn=1 (A3)
= A 53 _ 53 P
Dyiej = sz,ej(yk+1 Y3, (ej=1, 2 .., 6).
k=1

Based on Egs. (A3), plate stiffnesses
Agint, Agis, Dgin, Deis developed in Eq. (19) can be eval-
uated as

Aginn = At ~ AZi1o/Agina,
I?gi,es = Agies ~ igi,zs/Agi,zz, (A
Dginn = Dgin = Dygi12/Dgi 22,

5 2
Dyi 66 = Dgio6 — Dgi 26/Dgi 22-
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